Planar micro supercapacitors utilizing vertically aligned carbon nanotube (CNT) forests with the design of interdigital electrodes have been demonstrated. Conductive substrates using Mo/Al/Fe metal stack shows best CNT forest synthesis results with high electrical conductivity and dense CNT structures. Prototype devices show measured specific capacitances about 1000 times higher than those with plain metal electrodes without CNT forests. Furthermore, charging/discharging experiments show over 92% efficiency and very robust cycling stability. As such, we believe these planar MEMS supercapacitors could be applicable in various systems including energy harvesters, pulse-power supplies and advanced microelectronics as on-chip capacitors.
INTRODUCTION
A supercapacitor is a charge storage device composed of two electrodes with electrolyte in between. There are two fundamental differences between a supercapacitor and a regular capacitor: First, ion-conducting electrolyte is used in the supercapacitor instead of dielectrics. As a result, under a biased voltage, the positive and negative ions in electrolyte will separate, migrate and accumulate around the electrode surface, forming a nm-thin layer called electro-chemical double layer (EDL). Therefore, there are essentially two EDL capacitors connected in serial within a single supercapacitor. Second, extremely porous electrode materials are needed in supercapacitors to enhance the interfacial capacitance. Porous electrodes maximize the EDL phenomenon and give supercapacitors an astonishingly high value of specific capacitance (capacitance per unit area). Furthermore, unlike fuel cells and Li-ion batteries, supercapacitors require no chemical reaction during its charging/ discharging process to rapidly store/release energy, making it a popular candidate in applications like vehicle regenerative braking and camera flash systems.
In the field ofMEMS, supercapacitors could find very promising applications. For [1] ), and less temperature dependency, making them suitable as the main power sources for short-term, high power-density usages in many applications. Moreover, one might envision that supercapacitor can temporarily store energy from energy harvester and power the system for sensing and wireless communication needs.
We also believe that the demonstration of the capability of "planar" structure for supercapacitors could inspire new architecture in circuit designs such as on-chip supercapacitors for advanced microelectronics.
The concept of "planar supercapacitor" has been investigated sparsely previously. For example, Sung et al. have used conducting polymer-coated metal layer [2] as planar electrodes to make supercapacitors. However, their electrodes have rather flat metal surface as essentially 2-D structure without the highly porous characteristics. In another work, In et al used KOH etching to increase the surface area [3] . Carbon nanotubes (CNT) are well-known for its high surface area-to-volume ratio and good conductivity such that several groups have used them in large-scale supercapacitors. For example, An et al. have deposited random CNT network as electrodes [4] , in which contact resistance among tubes as well as contact to the substrate are major technical challenges. Pushparaj et al. have proposed and demonstrated a complicated process by transferring CNT arrays to a conductive substrate after the synthesis process while no CNT-based planar architecture has been proposed [5] . Here we present a simple, yet versatile planar MEMS supercapacitor using porous CNT forests as electrodes with low contact resistance without using the top/bottom electrode architecture. The goal of our research is to demonstrate on-chip supercapacitor that can be integrated with MEMS devices and CMOS in a single chip. Figure 1 shows the schematic diagram of a planar supercapacitor with a top cap to contain electrolyte. Unlike the conventional sandwich structure, the two electrodes are made on the same plane. The major advantages of this design include size reduction and simplification of fabrication process such as sophisticated bonding. Furthermore, the travelling distance of ions in the electrolyte, a major performance factor in supercapacitors, can be well controlled and shortened while eliminating the necessity of a separator, which is indispensible in the sandwich-type supercapacitors to prevent electrical short.
CNTS ON CONDUCTIVE SUBSTRATE
Activated carbon (AC) has been widely used as the electrode materials for supercapacitors currently in use. It could have a very large surface area (-1200 m2/g [6] ) but the major drawback ofAC is its pore distribution. There are three classes of pores in AC: micropore (D<2nm), mesopore (2nm<D<50nm), and macropore (50nm<D) [1, 6] . Micropores can significantly increase surface area but fail to produce the effect of double-layer capacitance due to the difficulties of ion diffusion and ion-sieving effect [1, 6] . AC also has high internal resistance caused by its low conductivity (-2.5S/cm) and numerous contacts between AC particles. CNTs, on the other hand, have a moderate surface area (100-500m2/g [7] ), however, most of them are mesopores having double-layer contribution [8] with excellent conductivity (1OOS/cm [9] ). Furthermore, each tube is individually connected to the substrate to lower the internal/contact resistance. The construction of CNT forests can be binder-free thanks to van der Waals force among them. Compared to powered AC, the much better structured pores help facilitating the transfer of electrolyte ions, resulting in rapid rate capability [8] .
One major challenge in CNT-based MEMS supercapacitor is the choice of substrate as it plays two important roles: 1) a back layer suitable for the synthesis of CNTs and 2) a low-resistance current collector. Considering the fact that CNTs grow predominantly on non-conducting substrates [10] , we carried out extensive experiments to investigate the quality of CNT and their contact resistance to the substrate. Thermally oxidized silicon wafers were used as the common insulating substrate and iron as the common catalyst with results summarized in Table 1 
FABRICATION
The fabrication process began with thermal oxidation of a bare silicon wafer to isolate the substrate from the electrodes. Then lithography was made to pattern two comb-like interdigital electrodes. After that, Mo, Al, and Fe were evaporated onto the substrate with a thickness of 50nm, lOnm, and 5nm, respectively. Fe acts as the common catalyst of CNT growth in this paper. A photoresist lift-off followed to remove the metals on unwanted areas. Thermal chemical vapor deposition (CVD) furnace (Lindberg/Blue M® three-zone tube furnace, Thermo Electron Corp., Asheville, NC) was used to grow the CNTs. The furnace was firstly purged with hydrogen and then heated up to 720°C in hydrogen environment. Subsequently, the mixture of ethylene and hydrogen with a proportion of about 1:3 was flowed through the quartz tube for 10 minutes. Finally the tube was left cooling down to room temperature with the help of a fan. Leading wires were bonded to the CNT electrodes using silver epoxy paste.
1-Butyl-3-methylimidazolium tetrafluoro-borate ([BMIM] [BF4]) ionic liquid (Sigma-Aldrich inc., MO) was used as the electrolyte with a PDMS cap to the chip and limit its flow. The main reason that we chose ionic liquid rather than aqueous electrolyte (such as KOH solution) is its high breakdown voltage (-3V vs. -1V for aqueous electrolyte). Figure 3 shows the assembled prototype. The CNT electrode area was 5mmx7mm with about 30 comb fingers on a single electrode. Note that the area can be easily scaled down by simply changing the lithography mask. 
RESULTS AND DISCUSSION
The characterization of the CNT supercapacitor was conducted by the CH[I 750A electrochemical workstation (CH Instruments, Inc. USA). Figure 4 shows the cyclic voltammetry curves of supercapacitors using CNT electrodes. As can been seen, our device presents a very symmetric rectangular shape (the ideal supercapacitor should have a perfect rectangular shape). The specific capacitance of our CNT-based supercapacitor can be calculated by:
Here we represent I with the current at V=O; dV/dt was set manually on the equipment as5OmV/sec in Figure 4 . A is the effective CNT forest area exposed to electrolyte, 26.7mm2 (this value is less than the visible 5mmx7mm area because we exclude the artificial gap area between two electrodes.). Therefore, the capacitance of a single device was calculated as 149.7 F and specific capacitance as 428gF/cm2. As a comparison, we also show the supercapacitor using the identical Mo/Al/Fe electrode but without CNT forests. It is observed that the CV curve with no CNT forests was squeezed into a "straight line". An enlarged view is shown on the upper left corner.
Comparing the current level, the CNT supercapacitor has roughly three orders of magnitude higher than those with only plain metal electrodes. It is noteworthy that this ratio was quite consistent among dozens of samples we tested, firmly contributing this dramatic increase to the benefit of 3D CNT forests. The porosit of 3D CNT forest was also verified by the apagoge that, if the CNT forest were solid (no electrolyte could diffuse into the CNT forests), the capacitance should have been increased by only a factor of three due to increases in the sidewall area of the CNT finger electrodes. [12] , and A is the overall surface area of electrodes. Because our CNT forests are made of multiwalled carbon nanotubes with a diameter of about 30nm, we choose 1 I0m2/g accordingly as an approximation of surface-to-mass ratio [7] . We measured the mass of CNT forests on a device at about 3x10-5g, which then gives a total surface area of 3.3x103m2 
CONCLUSIONS
We introduced the supercapacitor into micro scale by designing a novel planar MEMS supercapacitor using vertically aligned CNT forest as the electrodes. Unique metal stack layers are proposed as the conductive substrate, which generated both highly ordered CNT forest and low contact resistance. The results show our CNT-covered supercapacitor has generated a specific capacitance of 428gF/cm2, three orders higher than those merely using metal electrodes. The samples show an excellent charge efficiency of 92% and a robust cycling stability. We also analyzed the difference between theoretical and measured values and proposed directions in future investigations. We believe MEMS supercapacitors will have promising applications in Microsystem including energy storage, pulse-power supply and on-chip capacitive components. Besides, the methodology of directly synthesize aligned and patterned CNTs using metal stack layers offers a general tool extend the utilization of CNTs in diverse MEMS applications.
